Detailed descriptions of atomic coordinates and motions are required for an understanding of protein dynamics and their relation to molecular recognition, catalytic function, and allostery. Historically, NMR relaxation measurements have played a dominant role in the determination of the amplitudes and timescales (picosecond-nanosecond) of bond vector fluctuations, whereas high-resolution X-ray diffraction experiments can reveal the presence of and provide atomic coordinates for multiple, weakly populated substates in the protein conformational ensemble. Here we report a hybrid NMR and X-ray crystallography analysis that provides a more complete dynamic picture and a more quantitative description of the timescale and amplitude of fluctuations in atomic coordinates than is obtainable from the individual methods alone. Order parameters (S 2 ) were calculated from single-conformer and multiconformer models fitted to room temperature and cryogenic X-ray diffraction data for dihydrofolate reductase. Backbone and side-chain order parameters derived from NMR relaxation experiments are in excellent agreement with those calculated from the room-temperature single-conformer and multiconformer models, showing that the picosecond timescale motions observed in solution occur also in the crystalline state. These motions are quenched in the crystal at cryogenic temperatures. The combination of NMR and X-ray crystallography in iterative refinement promises to provide an atomic resolution description of the alternate conformational substates that are sampled through picosecond to nanosecond timescale fluctuations of the protein structure. The method also provides insights into the structural heterogeneity of nonmethyl side chains, aromatic residues, and ligands, which are less commonly analyzed by NMR relaxation measurements.
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T he conformational dynamics of proteins play an important role in their functional mechanisms, influencing such diverse processes as conformational selection in molecular recognition (1) , catalytic function (2, 3) , and allosteric regulation (4) . To understand the atomic motions that underlie protein dynamics and configurational entropy, it has become increasingly important to study both the timescales of motions and how those motions are manifest in the structure as coordinate changes. Two complementary methods are high-resolution X-ray crystallography and NMR spectroscopy, which provide coordinate precision and probe motions within well-defined timescales, respectively. The combination of X-ray and NMR data has thus far been limited to coordinate refinement because no rigorous framework exists to connect the coordinates and motional timescales (5-7).
Proteins are not rigid and constantly sample distinct conformational substates (8) . The coordinates derived from X-ray diffraction are accompanied by atomic displacement parameters or B factors that are related to the displacements of the atoms from their mean positions (9) . B factors can contain varying contributions, which include but are not limited to, model errors, invalid restraints, and dynamic and static disorder. Dynamic disorder arises from temperature-dependent fluctuations in the atomic positions and has been observed to be the major contributor to the B factor (10) . In contrast, static disorder, also referred to as lattice disorder, arises from crystal imperfections where various distinct noninterconverting conformations and orientations of molecules exist within the crystal lattice. Although the effects of static and dynamic disorder are the same, i.e., they increase the value of the B factor, it has long been hypothesized that their relative contributions can be estimated by comparing data collected at different temperatures. One consequence of static and dynamic disorder in crystals is that the comparison of dynamics from crystallographic B factors and NMR order parameters has met with mixed results. Powers et al. (11) compared B factors and NMR backbone order parameters and found poor qualitative agreement. More recently the use of contact models (12, 13) , normal mode analysis (14-16), restrained molecular dynamics (17) , and ensembles of high-sequence similarity (18) have been shown to give better agreement between order parameters and X-ray crystal structures. These methods, however, are limited in use as they rely heavily on empirical relations, the accuracy of force field parameterization, or on the availability of many homologous structures. Despite the poor correlation observed between B factors, coordinates, and NMR order parameters in previous studies, there is mounting evidence from both NMR (19) and neutron scattering spectroscopy (20) that picosecond-nanosecond (ps-ns) motions observed in solution are the same as those observed in the solid state. Agarwal et al. (21) suggest that motions on the ps-ns timescale dominate motional amplitudes for globular proteins. For the SH3 domain of α-spectrin, 15 
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Significance
Most proteins are inherently flexible and their dynamics play a central role in their biological functions. A molecular level understanding of protein function and mechanism requires an accurate description of the atomic coordinates in both time and space. Here we show, through studies of the enzyme dihydrofolate reductase, that multiconformer models derived from room-temperature X-ray crystallographic data can be used synergistically with nuclear magnetic resonance relaxation measurements to provide a detailed description of both the amplitude and timescale of fluctuations in atomic coordinates. This hybrid approach provides a more complete description of protein dynamics than can be obtained from either method alone. The room-temperature crystallographic ensemble accurately reflects the picosecond-nanosecond motions of the protein backbone and side chains.
side-chain dynamics are the same in solution and the solid state (21, 22) . Recently, similar results were reported for ubiquitin and showed good agreement between solution-state ps-ns order parameters and those measured in the crystalline form by solidstate NMR (23) . Motions on the ps-ns timescale now are routinely measured for backbone and for methyl-containing side chains by NMR relaxation experiments. This allows the study of motional timescales throughout the protein, most commonly; through the backbone NH (S 2 ) and methyl axis ðS 2 axis Þ order parameters. For high-resolution X-ray data sets, dynamic information can potentially be extracted from multiple conformations modeled into the electron density. In the recently developed qFit approach, a small number of conformations are locally fitted to the electron density for each protein residue (24) . The resulting multiconformer structural model can then be used to map allosteric pathways and other dynamic processes within the protein (25) .
Here we use the enzyme dihydrofolate reductase (DHFR), for which the connection between dynamics and function has been extensively studied, to test firstly if qFit conformational ensembles of the DHFR:folate:NADP + complex are representative of the fast timescale motions described by NMR order parameters in solution, and secondly to test if regions of DHFR that do not fit well can be explained by packing in the crystal lattice. We find that a simple physical model that incorporates the B factor can accurately predict the backbone and side-chain dynamics of DHFR on the ps-ns timescale. Regions of the protein involved in crystal lattice contacts are affected by motional dampening, whereas residues that are affected by static disorder can be identified by their insensitivity to temperature change.
Theory
The order parameter S 2 can be expressed as the sum of the secondorder spherical harmonics
Y 2m p ðθ; ϕÞY 2m ðθ; ϕÞ; [1] where Y 2m (θ,ϕ) are the second-order spherical harmonics of the bond vector with the direction defined by θ and ϕ in the fixed frame (26) . Brüschweiler and Wright (27) recognized that this could be expressed as the sum of the variances of the spherical harmonics (σ 2 ) as
This form clearly demonstrates the relationship between S 2 and the B factor, expressed as the sum of the variances of the firstorder spherical harmonics modulated by the distance (r) from the equilibrium position (27) .
The B factor reports on the variances of the distance-modulated first-order spherical harmonics of individual atom positions, whereas S 2 reports on the variances of the second-order spherical harmonics of atom pairs. Although not explicitly stated in the original paper (27) , an expression for the calculation of S 2 B from the B factor naturally follows as
where B is the B factor of the heavy atom.
In cases where averaging occurs over multiple conformational states, the value of S 2 can be calculated as (27)
where the p i and p j are the local populations of conformational states i and j, S 2 B is the order parameter defined in Eq. 4, and P 2 is the second-order Legendre polynomial of the angle (θ ij ) between the bond vector for states i and j, and δ ij is the Kronecker delta.
The 3D isotropic B factor (Eq. 4) overestimates the amplitude of motion because it contains components that represent translational motions parallel to and transverse to the bond vector ( Fig. 1) , which have no effect on NMR relaxation. The NMR order parameter is sensitive only to angular fluctuations of the bond vector, represented by the red cone in Fig. 1 . Assuming for the moment that the position of atom v is fixed, the amplitude of the bond vector fluctuations is related to the root-mean-square displacement ( u) of the atomic coordinates of atom u in a direction transverse to the bond vector. The order parameter is then given by
where tan(α) = u/r, u is the root-mean-square displacement of atom u from its mean position, and r is the u-v bond length. In terms of the B factor,
Because fluctuations in the position of atom v also influence the angle α, the B factor of atom v must also be taken into account in calculating the order parameter
To compare the order parameters measured from NMR spectroscopy with the motional amplitudes in the qFit ensembles and single-conformer X-ray structures, we developed the following model. Because NMR relaxation is associated with angular fluctuations of bond vectors, and is insensitive to translational motions, an angular order parameter ðS 2 angular Þ was calculated from the qFit ensembles and was corrected with an orthogonal order parameter ðS the orthogonal and angular order parameters is shown in Fig. 1 and illustrates how the orthogonal order parameter accounts for the local motions within each discrete state. The order parameter from the X-ray structural models was calculated as
where the orthogonal order parameter accounts for motions encoded in the isotropic B factors of a pair of bonded atoms. The orthogonal order parameter was calculated following ref. 27 , where the motion of the two atoms was assumed to be uncorrelated (28) to give the final form as
where B i,u and B i,v are the B factors of atoms u and v of conformational state i, p i is the occupancy (probability), obtained during model generation, of state i, and N is the number of states. Occupancies, together with coordinates and B factors obtained from the qFit algorithm, were refined until convergence according to the protocol described in van den Bedem et al. (24, 25) . Eq. 10 defines ðS 2 ortho Þ as the sum of ðS 2 ortho Þ over the different conformations weighted by their respective occupancies. To calculate the order parameters for NH bonds in which the hydrogen atom is much lighter than the nitrogen atom, the riding model, where the lighter atom is considered to "ride" on the heavier atom, is appropriate (28) . In using the riding model to describe the motion of the amide hydrogen, the sum of B i,u and B i,v simplifies to the amide proton B factor (B i,u ) because the hydrogen B factor already includes the contribution from the fluctuations of the amide nitrogen. During model refinement the amide proton B factor was obtained using the riding model, by multiplying the nitrogen B factor by 1.2. Note that the amide proton B factor can also be calculated from the heavy atom B factors in the peptide plane using the 1D Gaussian axial fluctuation (1D-GAF) model (27) , which describes the peptide plane as it samples rotations about the C α i-1 -C α i axis via the crankshaft motion, which is related to the γ-motion of the 3D-GAF model (29) .
The angular order parameter is the standard order parameter defined as (26, 27 )
where N is the number of states, p is the probability of a given state, and P 2 is the second-order Legendre polynomial of the angle between the bond vectors of atoms u and v for states i and j.
The calculated order parameter for single-conformer structural models becomes unphysical (negative) when the sum of the two B factors approaches 8π 2 Å 2 (∼79 Å 2 ). This limits the applicability of Eq. 10 to high-resolution X-ray structures. However, for data with resolutions better than 1.7 Å, the range at which qFit is most effective, B factors are usually sufficiently small and the model presented here applies. At low resolutions, the inability to model alternative conformations will lead to excessive heterogeneity and large B factors for a single conformer and the inability to separate S 
Results
Backbone and methyl side-chain order parameters were calculated from single-conformer and multiconformer qFit models determined from cryogenic and room-temperature X-ray diffraction data for the E:FOL:NADP + complex of Escherichia coli DHFR. The refinement of the single-conformer structures is described in Materials and Methods; the refinement of the cryo-(PDB ID code 4KJJ) and room-temperature (PDB ID code 4KJK) multiconformer structures has previously been reported (25) . The X-ray-derived order parameters were then compared with backbone NH (S 2 ) and methyl axis ðS Side-Chain Methyl Dynamics. The dynamics of methyl groups are of particular interest because they are prevalent in the core of proteins and in hydrophobic pockets that bind ligands. Methyl order parameters for fluctuations on the ps-ns timescale take values between zero for unrestricted motion and 1 for a fixed orientation and can be determined from either 13 C or 2 H relaxation measurements (32, 33) . The S 2 axis order parameter describes the motion of the C methyl -C bond.
Inspection of the room-temperature qFit multiconformer model of the E:FOL:NADP+ complex reveals the presence of disorder for methyl groups and other side chains, both in the core and on the surface of the protein. Eq. 9 was used to calculate S 2 axis for the structural models. In Fig. 2A axis with values calculated from the qFit multiconformer model fitted to the same electron density, where as many as three states are modeled for any given residue (PDB ID code 4KJK). The agreement between experimental S 2 axis values and those calculated from the single structure and the qFit ensemble (r = 0.69 and rmsd = 0.16) was comparable, although some differences were apparent. The qFit model fit order parameters for three outliers, M1, T68, and V119 ( Fig. 2A) , better than the single-conformer model. For T68 and V119, the B factor in the single-conformer model overestimates the motion (smaller S 2 axis ), which the qFit model reveals is predominantly translational in nature and therefore does not contribute to methyl spin relaxation. In contrast, order parameters for residues L36 and I60 are underestimated using the single-conformer model. These side chains were modeled with multiple distinct rotamers in the qFit multiconformer model (Fig. 3A) , which increased the angular fluctuations and resulted in lower predictions of S The poorer agreement between the experimental values and S 2 axis values calculated from single-conformer models originates from the difficulty in estimating the angular contribution of the motion from the B factor alone when multiple rotamer or translational states exist. In Fig. 3A we show the qFit representation for some illustrative residues. In cases like V119, where 
motion is present. In cases like L36, where the single structure overestimated the order parameter, calculation of S 2 axis from the B factor alone diminished the angular contribution from rotamer averaging. Note that the presence of ns timescale motions, potentially associated with rotamer transitions, will influence the generalized S 2 axis parameter used in this work and could also weaken the correlation between calculated and experimental order parameters (34) . This is less of an issue for the NH order parameters analyzed below. The qFit models are expected to perform better than the single-conformer models for two reasons. Firstly, the qFit models allow the translational components of motions, which have the effect of reducing the calculated order parameter, to be removed. Secondly, qFit models more accurately describe anharmonic and multimodal distributions of rotamer states because each of the states is modeled using a unique B factor. The visual inspection of the side chains in Fig. 3 reveals the presence of translational motion with distinct anharmonicity, i.e., nonsymmetric motional envelope. The anharmonicity is manifested as translational states of V119 and L156 side chains and as multiple rotamer states for residues like L36 and M16.
The improved agreement observed for residue 1 when the qFit model is used to calculate S 2 axis ( Fig. 2 A and B) suggests that models built with qFit can indirectly improve the fit to the dynamic data, even if the residue is modeled with a single conformation. During the qFit model building, multiple states of neighboring residues caused a reduction in the fitted B factors for the side chain of M1, which in turn increased S 2 ortho and brought the calculated order parameter into better quantitative agreement with experiment. Three other residues L8, I61, and L112 were not fit well by either of the room-temperature structural models, with deviations of more than 0.2 between the experimental and calculated S 2 axis values. The reason for this discrepancy is discussed below.
We also calculated S 2 axis for single-conformer and qFit models built in the electron density from diffraction data measured at cryogenic temperature at 1.15 Å resolution. In Fig. 2 C and D we compare S 2 axis calculated from these models to the experimental values of S 2 axis measured at room temperature. In general, the room-temperature models display lower calculated order parameters than the cryogenic temperature models, as would be expected due to damping of thermal motions at cryogenic temperatures. For both the single-conformer and the qFit models, the S 2 axis values calculated from the low-temperature structures cluster around a value of 0.8 for the majority of the methyls.
A comparison of S 2 axis predictions from the original model derived from Brüschweiler and Wright's equations 4 and 5 (27) , the contact model of Ming and Brüschweiler (13) , and from Eqs. 9-11 of the current study, is presented in Fig. S1 . The earlier model of Brüschweiler and Wright performed worse than the model used in the present work, whereas the agreement with the contact mode of Ming and Brüschweiler is comparable to the model presented here. However, the temperature sensitivity of the order parameters is not captured by the contact models (Fig. S1 ).
Backbone Amide Dynamics. To compare with 15 N relaxation measurements, we calculated NH order parameters from the structural models, with a slight modification of Eq. 10 to account for riding motion of the amide group on the peptide plane. For room-temperature diffraction data, the amide calculated from both the single-conformer (r = 0.61 and rmsd = 0.06) and qFit models (r = 0.61 and rmsd = 0.06) fit the experimental relaxation data well, with the exception of three residues (67, 68, and 69) whose motion appears to be restricted in the crystal lattice (Fig. 4 A and B) The NH order parameters calculated from the cryogenic crystallographic data indicate decreased flexibility of the backbone relative to the room-temperature structures. The backbone order parameters calculated from the room-temperature diffraction data cover the range of values between 0.5 and 0.95, whereas the order parameters from the low-temperature crystal data cluster around the value of 0.90. This is in contrast with the methyl S 2 axis order parameters, which range between zero and 0.80 at room temperature and cluster around 0.85 at cryogenic temperatures. The change in order parameters shows that much of the motion of the backbone amides and side chains is quenched at cryogenic temperatures. As for the methyl side chains, the NH order parameters calculated using a contact model were insensitive to the temperature change (Fig. S2) . The original Brüschweiler and Wright model (27) performed poorly, greatly overestimating the amplitude of the backbone NH motions (Fig. S2) .
Inspection of the backbone coordinates from the roomtemperature qFit multiconformer models reveals that the anisotropy and anharmonicity of motion in the backbone is even more pronounced than for the side chains. Crankshaft motion of the peptide plane, i.e., rotation of the peptide plane about the C α i-1 -C α i axis, can be clearly observed, whereas motions between neighboring peptide planes appear to be coupled through hydrogen bonds (Fig. 3B and Fig. S3 ). These motions were manifest in the qFit multiconformer model as peptide plane rotation in pairs of residues that are connected by hydrogen bonds in α-helices and between adjacent strands in the β-sheets. The crankshaft motion of peptide planes in the secondary structure elements is strikingly similar to the γ-motions observed in the 3D-GAF analysis of backbone dynamics in a domain of streptococcal protein G (35 components of the calculated order parameter as a function of temperature (Fig. 5) . Residues that are likely affected by static disorder can be identified from the temperature independence of the S 2 angular value. In Fig. 5 A and C we show the temperature dependence of the angular component ðS 2 angular Þ of the methyl and NH order parameters. At the cryogenic temperature (100 K), which is well below the glass transition for proteins (36) , five methyl groups of three residues (L4, M16, and L156) are disordered at both room and cryogenic temperatures and exhibit S 2 angular values near 0.4 at both temperatures (Fig. 5A) . This result could indicate static disorder, where the side chains in some unit cells are trapped in an alternative conformation and do not interconvert within the crystal lattice in a temperature-dependent manner. Alternatively, there may be a high barrier for exchange between the different conformations, such that the higher viscosity of the glassy water at cryogenic temperatures effectively arrests the interconversion (37) . L4 and L156 are positioned at the core of the protein whereas M16 is close to a crystal contact. The static disorder observed for these residues may arise through trapping at the time of lattice formation during crystallization. Alternatively, these residues may exchange between different conformations within the crystal, and the cryocooling process simply traps this distribution. Whatever the mechanism, the observation implies that less than 6% of the observed methylcontaining residues are affected by this type of disorder. This suggests that static disorder associated with intermolecular contacts in the crystal lattice plays a minor role in protein crystals at room temperature. In contrast, we observed that S 2 ortho is temperature sensitive for both side chains and backbone amide groups and that the degree of change for both NH and methyl groups could be fit to the same line ðS 2 ortho;cryo ¼ 0:55 p S 2 ortho;room þ 0:45Þ (Fig. 5 B and D) . The ability to model S 2 ortho for both groups with the same equation validates the motional models discussed in Theory. Note that the orthogonal order parameter did increase for all residues at cryogenic temperature.
Lattice Contacts. In agreement with the work of others (38-40), we found that lattice contacts can directly and indirectly modulate protein dynamics in the crystal. Three residues in the β-CD loop, G67, T68, and D69, which are highly dynamic in solution (30, 31) , are motionally restricted in the room-temperature crystal structures (Fig. 4 A and B) . Residues 68-71 make very close backbone and side-chain contact with residues 83-86 and with the side chain of lysine 58 in an adjacent molecule in the crystal lattice; the interactions include both van der Waals contacts and intermolecular backbone and side-chain (K58) hydrogen bonds. Residues 83-86 lie at the C-terminal end of the αE helix and their backbone dynamics appears to be unaffected by the lattice contacts. Omission of residues 67-69 from the analysis improved the agreement between experimental 15 N order parameters and those calculated from the room-temperature qFit model (r = 0.67 and rmsd = 0.04). Whereas crystal contacts explain much of the disagreement between solution order parameters and those calculated from the crystal, they also rationalize the decreased motional amplitude of I61 observed in the crystal form. The side chain of I61 is packed against the indole ring of W74, which in turn packs against residues 67-69 in the β-CD loop. This suggests a pathway by which the restriction of motion in the β-CD loop caused by the lattice contacts could be propagated to the I61 side chain. The generally excellent agreement between NMR S 2 values and the order parameters calculated from the room-temperature crystallographic data for the backbone NH, methyl side chains, and the tryptophan side chain indole NH (Fig. 6) suggests that direct refinement may be possible. After exclusion of residues affected by lattice contacts, only two outliers, the methyls of L8 and L112, remain. The potential reasons that these residues show reduced dynamics in the qFit structural model are numerous. L8 is modeled in the structure as the g−,g+ (χ1, χ2) rotamer combination, an unfavorable and weakly populated state (41) . The side chain can be modeled in alternative noncanonical rotamer combinations without drastically affecting the fit to the electron density (Fig. 7) ; although the g−,t combination of Fig. 7C is rare, it has been observed (41, 42) . However, the populations of these g−,g+, and g−,t rotameric states would have to be approximately equal to explain the experimentally observed order parameter. An alternative possibility is that χ 2 averages over all three favorable rotameric states; an ∼16% population of the g− and trans rotamer states would be sufficient to fit the NMR order parameter. Whereas this residue is packed tightly in the core of the protein, the C δ methyl chemical shifts predict substantial χ 2 -rotamer averaging of the L8 side chain (43) . For L112 the scenario is similar; this residue is spatially close to two residues, L4 and L156, which both show signs of static disorder. In particular, the methyls of L156 are facing the methyls of L112. Whereas L112 does not display static disorder, it seems likely that the static disorder of L156 in the lattice would further limit the amplitude of motion for L112. Although L112 is not predicted to undergo significant χ 2 -rotamer averaging from its chemical shifts, a small population (∼10%) of the χ 2 -trans rotamer is predicted (43) . These two leucines demonstrate the limitations of automatic model building using qFit, and potentially show that noncanonical rotamer states, stabilized by packing and electrostatic contributions, may be present. Moreover, it is clear that the fit of a single rotameric state within the electron density is not proof that multiple alternative rotamer states are not present. The philosophy of the qFit method, and indeed X-ray structure model building in general, is to model the minimal number of states necessary to describe the data. If the population of an additional state is low enough, it may not contribute to the electron density above the level of noise, even though averaging into the state will have a substantial impact on the dynamics observed by NMR relaxation. This work then indicates that in certain cases, when additional dynamic data become available, additional states may need to be modeled.
Discussion
The study of protein dynamics by X-ray diffraction has a long history (44) ; however, the link between the motional amplitudes and the timescales has remained elusive. Here we have shown that room-temperature crystallographic models provide a quantitative measure of the amplitudes of motions that occur on the ps-ns timescale. In marked contrast, structures determined at cryogenic temperatures fail to capture the amplitudes of motion present in solution. Motional amplitudes from X-ray crystallography are approximated by the B factors, whereas qFit multiconformer models that are composed of multiple states with varying occupancies contain additional motional information.
The motions revealed by the qFit models are distinctly anharmonic and anisotropic in nature. Whereas qFit models are rich in dynamic information, they also capture the inevitable local anisotropy of motions (45) (46) (47) . qFit and related ensemble methods have an advantage over anisotropic B-factor description because they are not limited to unimodal distributions (48, 49) . The qFit model of the DHFR E:FOL:NADP+ complex contains information on the anisotropy and coupling of motions that has been observed from molecular dynamics and NMR measurements (25, 35, (50) (51) (52) . Within the secondary structure elements of DHFR (Fig.  S3) , we observed that the crankshaft motion dominates the fluctuations of the peptide planes (27, 51) , in which the C α atoms essentially remain fixed and the largest displacements are observed for the carbonyl oxygens and amide protons. We also observed signs of coupling between the motions of peptide planes joined by hydrogen bonds within regular elements of secondary structure (35, 50, 52) . Further, motional anisotropy was also evident in side chains, where heterogeneous populations of rotamer states were observed.
The first comparison of B factors and backbone NMR order parameters revealed that a correlation exists (11) . However, the agreement was relatively poor and it was suggested that restrictions of motion by the lattice and inflated heterogeneity caused by static disorder heavily influence the B factor. At low resolution, the B factors become less quantitative for assessment of intramolecular dynamics because lattice disorder begins to dominate (44) . The poor correlation between B factors and order parameters observed in this early study may have reflected the low resolution of the available data sets (≥2 Å). More recently, Clore and Schwieters (17) were able to refine a small structural ensemble of the third IgG-binding domain of Protein G with residual dipolar couplings, relaxation order parameters, and B factors from a high-resolution (1.1 Å) room-temperature crystal structure, demonstrating for this small globular protein that B factors are consistent with backbone motions on the ps-ns timescale. The temperature at which the diffraction data are acquired can play a major role in the observed heterogeneity (25, 44, 53, 54) . Here we have demonstrated that room-temperature diffraction data are critical to obtain a valid description of the structural heterogeneity; correlation with NMR dynamics is reduced when order parameters are calculated from structures or structural ensembles determined at cryogenic temperatures.
The order parameters calculated from multiconformer qFit models, which provide a more realistic description of anharmonic motions and rotameric states, are in overall better agreement with experimental S 2 values than those derived only from the B factors of single-conformer models (Figs. 2 and 4) . Methyl S 2 axis order parameters are highly sensitive to rotamer averaging, and values less than 0.8 for Ile and Thr, or less than 0.6 for Leu, indicate sampling of multiple rotameric states (55) . In the present work, S 2 axis values were determined by the standard Lipari-Szabo model from 2 H R 1 and R 1ρ relaxation, and are a generalized measure of side-chain dynamics on the ps-ns timescale (31) . Measurement of additional relaxation rates would permit use of more complex models to separate these motional timescales and provide quantitative insights into ns timescale motions that are likely associated with rotamer jumps (34) .
Brüschweiler and Wright proposed the first theoretical connection between order parameters and B factors during the development of the 1D-GAF model (27) . This model is very similar to the one that we use here; however, the earlier model overestimates the degree of angular motion encoded in the B factors for both single-conformer and qFit models. This result does not imply that the 1D-GAF model is incorrect; rather, it strengthens the validity of this and related motional models because we find that a single Cartesian variance accurately approximates the angular fluctuations encoded by S 2 , rather than the sum of the three Cartesian variances. For single-conformer structural models, local coordinates have been used to characterize the motional amplitudes in proteins (56, 57). Brüschweiler and coworkers have Fig. 7 . Alternative models for Leu-8, 2F o F c electron density around L8 is contoured at 0.3σ (blue) and the difference density is contoured at 3σ (red). qFit model conformational ensemble in the on-rotamer g−g+ (χ 1 , χ 2 ) conformation for all states (A). One state built in the on-rotamer g−t (B). One rotamer built in an off-rotamer g−t conformation (C). The backbone is shown as black, side-chain bonds in blue, and bonds to the methyls are identified as green and red.
proposed methods to calculate backbone and side-chain order parameters from atomic coordinates using contact models (12, 13) . Whereas these methods do not directly exploit the B factor, they use local contacts to obtain almost equivalent information and perform equally well to the model presented here. One of the drawbacks of these methods is that the relations between the order parameters are empirical and may potentially need recalibrating for each different pair of atoms. A second drawback is that these methods are almost completely insensitive to temperature changes, predicting almost identical order parameters for cryoand room-temperature structures. When a large number of structures are available the order parameter can be directly calculated from the coordinates (58). Best et al. (18) found that this approach works well for calculating order parameters from molecular dynamics simulations; however, it seems to break down as the ensemble size falls below 25 members. The failure of S 2 to accurately describe the motional amplitudes of small ensembles as observed by Best et al. is consistent with the assumptions of our model and justifies the incorporation of the B-factor contributions via the S 2 ortho term for the accurate calculation of the order parameter. Best et al. (18) showed that good agreement is obtained when measured S 2 axis values are compared with order parameters calculated from ensembles composed of both alternative crystal forms and structural homologs. The accuracy of their S 2 predictions of order parameters is similar to what we report here. Although their method is limited by the required use of a large number of independently determined structures of high sequence similarity, it does have an advantage in that the impact of crystal contacts can be averaged over a diverse set of crystal lattices.
We have found that lattice contacts in the crystalline state can lead to a dampening of dynamics, compared with solution measurements. This is in accord with previous analyses using contact and Gaussian network models, in which it was demonstrated that crystal contacts can influence local dynamics and B factors (38, 39) . In the E:FOL:NADP + complex of DHFR, the crystal lattice contact between the αE helix and the β-CD loop forms crosslattice hydrogen bonds that appear to impair backbone motions within the β-CD loop; in contrast the backbone motions of the αE helix are relatively unaffected. This contact reduces the amplitude of motion observed specifically for both the backbone dynamics (residues 67-69) and the side-chain dynamics (I61). In general the β-CD loop is flexible in all DHFR ligand complexes for which NMR relaxation data are available (30) . It is unlikely that the temperature difference between the room-temperature diffraction and the NMR measurements contributes to the additional rigidity because the β-EF loop is equally flexible by NMR and its motions are correctly described in the crystal. Thus, lattice contacts appear to be the most plausible origin of the diminished motions in the crystal. Although not attempted here, it may be possible to compensate for the impact of crystal contacts using contact models to correct the B factors of affected residues (39) .
By comparing S 2 values calculated from the qFit models and determined from NMR relaxation data, we have been able to diagnose the effects of lattice contacts on the amplitudes of motion of the E:FOL:NADP + complex of DHFR in the crystalline state. We have also found that static disorder can be identified by comparison of the S 2 angular component calculated from room-temperature and cryogenic qFit models. Thus, the combination of room-and cryogenic-temperature qFit coordinates and NMR order parameters facilitates the identification of residues that display modified structural heterogeneity caused indirectly by static disorder of neighboring residues (e. g., L112). Once a qFit model has been validated with NMR order parameters and the residues with anomalous heterogeneity excluded, the room-temperature qFit structures allow us to study the dynamic behavior of the side chains, backbone, and ligands that are not easily amenable to direct NMR relaxation measurements or that would require specialized labeling schemes and experiments--these include nonmethyl side chains, aromatic residues, proline side chains and backbone, and ligands.
In conclusion, side-chain and backbone conformational dynamics of the E:FOL:NADP + complex of E. coli DHFR have been analyzed within a framework that links dynamic order parameters that report on ps-ns timescale motions in solution with qFit models of protein structural heterogeneity in the crystalline state. We find that a simple physical model that incorporates the B factor can accurately predict the backbone and sidechain dynamics of DHFR and that the two methods are fully complementary. Both through the B factors and conformational disorder, the room-temperature qFit structural ensemble accurately reflects the ps-ns timescale motions of the protein backbone and methyl side chains. Regions of the protein involved in crystal lattice contacts are affected by motional dampening; however, the effects are minimal. Finally, the qFit model captures the anisotropic and anharmonic nature of motions, which may prove to be important in linking dynamics to function.
Materials and Methods
Refinement of NH Order Parameters. The NH and tryptophan indole order parameters reported by Osborne (31) were further refined with T1 and T2 measurements made at 500 MHz that were measured on the same sample. The relaxation data sets were analyzed using an axially symmetric diffusion tensor with the amide and indole vector orientations extracted from the DHFR:folate:NADP + complex structure (PDB ID code 3QL3). The N−H bond length of 1.04 Å and a 15 N chemical shift anisotropy (CSA) of −170 ppm were used to remove the impact of libration from the resulting order parameters. For the analysis of the tryptophan indole rings the CSA of −123 ppm was used. Justification of the indole CSA value is given in SI Text and Table S1 .
The relaxation data at multiple fields were fit simultaneously using the extended Lipari−Szabo formalism with an in-house program using the Bayesian information criterion for model selection.
Refinement of Single Structures. The lowest occupancy alternative conformations were manually removed from the coordinate model (PDB ID code) 1RX2 before the datasets were refined with phenix.refine (nightly build 1328) for five rounds with the default strategy and anisotropic B factors. We note that the B factors were not rescaled during or after refinement. The coordinates of the single-conformer models have been deposited with accession numbers PDB ID code 4NX6 (room temperature) and PDB ID code 4NX7 (cryo) and the refinement statistics are given in Table S2 .
